Abstract: Oceanic deep hypersaline anoxic basins (DHABs) are characterized by drastic changes in physico-chemical conditions in the transition from overlaying seawater to brine body. Brine-seawater interfaces (BSIs) of several DHABs across the Mediterranean Sea have been shown to possess methanogenic and sulfate-reducing activities, yet no systematic studies have been conducted to address the potential functional diversity of methanogenic and sulfate-reducing communities in the Red Sea DHABs. Here, we evaluated the relative abundance of Bacteria and Archaea using quantitative PCR and conducted phylogenetic analyses of nearly full-length 16S rRNA genes as well as functional marker genes encoding the alpha subunits of methyl-coenzyme M reductase (mcrA) and dissimilatory sulfite reductase (dsrA). Bacteria predominated over Archaea in most locations, the majority of which being affiliated with Deltaproteobacteria, while Thaumarchaeota were the most prevalent Archaea in all sampled locations. The upper convective layers of Atlantis II Deep, which bear increasingly harsh environmental conditions, were dominated by members of the class Thermoplasmata (Marine Benthic Group E and Mediterranean Sea Brine Lakes Group 1). Our study revealed unique microbial compositions, the presence of niche-specific groups, and collectively a higher diversity of the sulfatereducing communities compared to the methanogenic communities in all five studied locations. Dear Dr. Jebbar, Please find attached our revised version of RESMIC-D-15-00081 for publication in Research in Microbiology. The only comment from the referee was on the measurements of CO 2 in our samples. As these were done by a commercial service provide by GEOMAR in Germany, we now refer to their website.
Introduction 43
Hypersaline water bodies at the bottom of the ocean (brine pools) are present in the 44
Mediterranean Sea, the Gulf of Mexico, and the Red Sea [1] . In the Red Sea, a total of 25 such 45 deep-sea hypersaline brine pools have been discovered at depths ranging from 1,193 to 2,850 46 meters below sea level [1, 2] . These environments are extremely saline (up to 26% salinity), 47 9 dissolved oxygen concentrations (DO 2 ) that are 4-9 times higher than those at the other 178 locations, where DO 2 is close to depletion (Table 1) . 179
Phylogenetic analysis based on 16S rRNA gene sequences revealed a high microbial 180 diversity in the brine interfaces of geochemically distinct brine pools of the Red Sea (Fig. 1) . A 181 total of 843 archaeal (>1000 bp length) and 960 bacterial (>1400 bp length) non-chimeric 16S 182 rRNA gene sequences were obtained from the BSIs of the five brines and from the subsequent 183 three upper convective layers of Atlantis II Deep (A-UCL1, A-UCL2, and A-UCL3). These 184 sequences were clustered into 62 and 281 OTUs (at 97% sequences identity level) for archaeal 185 and bacterial genes, respectively. Archaeal sequences were primarily affiliated with the phyla 186 Thaumarchaeota (60%) and Euryarchaeota (37%), while the bacterial sequences encompassed 187 diverse lineages. Our findings are in general consistent with previous studies [5, 20] . communities, we found no apparent clustering of the bacterial communities (Fig. 1B) . Though, a 195 highly stratified bacterial community profile was observed in the multi-layered Atlantis II Deep, 196 concurrent with previous reports [5] . 197 This is the first detailed phylogenetic study of nearly full-length prokaryotic 16S rRNA 198 gene sequences from BSIs of Erba and Nereus Deep . Surprisingly, despite their salinity 199 differences (9.8% vs. 15.4 %), they both harbor very similar microbial communities (Fig. 1) . The 200 primary archaeal taxon was Marine Group I Thaumarchaeota (77%), while members of the class 201
Deltaproteobacteria dominated their bacterial clone libraries (35.5% in Erba, and 27.9% in 202 Nereus). In general, the microbial community compositions based on clone libraries were 203 consistent with previous findings using an amplicon sequencing approach [20] . Additionally, six 204 bacterial OTUs accounting for ~8% of all sequences were present in both brine pools, and are 205 affiliated mostly with sulfate-reducing or sulfur-oxidizing taxa (e.g., Deltaproteobacteria and 206 SAR324; Table S1 ). 207
Detailed analysis of archaeal communities 208
Both Thaumarchaeota and Thermoplasmata were ubiquitous in all five brine-seawater 209 interfaces (BSI) and the three upper convective layers of Atlantis II Deep (A-UCL1, A-UCL2, 210
and A-UCL3). This suggests that they are important components of deep-sea brine environments, 211 and presumably possess adaptations to thrive in these gradient environments. Thaumarchaeota 212 was the predominant group in archaeal clone libraries of all the five BSI samples (73-87%). The 213 archaeal community composition in the Atlantis II BSI was different from the communities 214 found in the subsequent convective layers. Clone libraries showed that the most abundant 215 members in those convective layers belonged to the class Thermoplasmata (46-81%). Class 216
Methanomicrobia-related sequences were also present (six out of eight sampled locations), but 217 constituted only a small proportion of the archaeal communities (2.5%-11.4%; Fig. 1A Proteobacteria (relative abundance 37.5-89.4%), Bacteroidetes (0.8-13.2%), Deferribacteres 260 (0.8-13.9%), and Chloroflexi (1.1-4.2%) (Fig. 1B) . The remaining bacterial sequences belong to 261 uncultured bacterial groups with unknown physiology such as Candidate division KB1, MSBL 2, 262 and ST12-K34 (Fig S3) . These uncultivated groups were previously reported from hypersaline 263 brines in the Red Sea and DHABs in the Mediterranean Sea [6, 12, 43] . 264
Deltaproteobacteria was the predominant bacterial class in the BSIs of colder brines such 265 as Kebrit, Erba, and Nereus Deep (Fig. 1B) Gammaproteobacteria in the convective layers underneath (Fig. 1B) . Similar patterns of 277 gradually changing microbial communities were observed in a previous study based using 278 pyrosequencing of the 16S rRNA genes in these two locations [5] . According to the same study, 279 the combination of high temperature and salinity was presumed to shape the communities in both 280
brines. 281
The majority of the OTUs in the class Deltaproteobacteria fell into four orders: 282 Desulfobacterales, Desulfurellales, Desulfovibrionales, and Syntrophobacterales (Fig. 2) In this study, Candidate division KB1 was detected in interfaces with higher salinity such as A-294 UCL3, Di, and Ki (Fig. S3) . The metabolic preferences of Candidate division KB1 remain 295 unsolved although they seem to partially rely on reductive cleavage of the osmoprotectant 296 glycine betaine, resulting in the formation of trimethylamine (TMA) and acetate [43] . 297
Molecular diversity of mcrA genes 298
Up to now, all described methanogenic archaea fall into the seven orders in the phylum 299
Euryarchaeota: Methanococcales, Methanopyrales, Methanobacteriales, Methanosarcinales, 300
Methanomicrobiales, Methanocellales, and the recently proposed 7th order, 301
Methanomassiliicoccales [50] . The reduction of CO 2 , the fermentation of acetate, and the 302 dismutation of methanol or methylamines encompass the three major methanogenic pathways 303
[51]. Although methanogens play an important role in the global carbon cycling in various 304 environments, very little is known about the methanogenic players in the Red Sea brine pools. 305
Methyl-coenzyme M reductase is unique to methanogens and catalyzes the last step in methane 306 formation. Genes encoding the α subunit of this enzyme (mcrA) have been employed as a 307 specific marker to detect and differentiate methanogenic and anaerobic methanotrophic 308 communities [52] . 309 The remaining two rare OTUs were present only in Kebrit BSI clone library. OTU3 331 grouped with a previously unidentified cluster formed by clones recovered from rice field soil 332
[56] and could not be assigned to any of the known methanogens. Interestingly, we found that 333 OTU3 is related to Candidatus 'Methanoperedens nitroreducens' (78% similarity) and thus could 334 represent an anaerobic methane-oxidizing microorganism. OTU4 clustered with cultivable 335 species of Methanomassiliicoccales [50], but with low amino acid sequences similarities (63%-336 79%) [57] . Methanomassiliicoccales are rarely associated with deep-sea hypersaline locations, 337 and to our best knowledge, this is the first report of this phylotype from Red Sea brine pools, 338 after their detection from Lake Kyros in the Mediterranean Sea [39] . Previously reported 339 sequences associated with this order stemmed from various environments such as rumen, feces, 340 hindguts, sludge, rice field soil, sediments, and anaerobic digesters. To date, 341
Methanomassiliicoccus luminyensis is the only described species in this order [58] . Based on the 342 physiology and the genome content of this isolate, this new order utilizes an H 2 -dependent 343 methylotrophic pathway for methanogenesis. 344
High concentrations of methane gas seem to be a common trait of most DHABs that have 345 been studied to-date, including those studied here (Table 1) . However, the link between these 346 geochemical data and the major methane-producing taxa in such locations is still obscure. Our 347 study showed a low diversity of methanogens in our samples and a distribution seemingly 348 restricted to certain layers. Several previous studies have hypothesized that members of the 349
Candidate division MSBL1 could be the enigmatic methanogens in brine pools, given their 350 numerical predominance among Archaea and occurrence in methane-containing layers [4, 43] . 351 So far, however, there is no conclusive evidence to support this hypothesis based on the 352 following observations. In this study, we retrieved abundant MSBL1-related 16S rRNA genes 353 from multiple samples, but except for a single phylotype from Kebrit BSI, no novel clusters of 354 mcrA genes were detected. Thus, we assume that the Candidate division MSBL1 does not 355 possess mcrA genes. Still, our study does not conclusively rule out the possibility that novel 356 mcrA genes have been missed due to primer bias or undersampling of the present clone libraries. 357
Additionally, the fact that the abundance of MSBL1 16S rRNA genes seems to be correlated 358 with locations that possess high methane concentrations might be misleading, as the methane 359 could either be produced abiotically [59] or biotically in deeper layers of the brine pool. 360
Molecular diversity of dsrA genes 361
Sulfate-reducing prokaryotes are a phylogenetically diverse group of anaerobes, with the 362 majority of them belonging to the Deltaproteobacteria [60]. To yield energy, this group oxidizes 363 hydrogen or small organic compounds and reduces sulfate to sulfide. The dissimilatory sulfite 364 reductase (dsr), which contains two subunits (dsrA and dsrB), is the key enzyme in this process 365 and is widely used as molecular marker to study the diversity of sulfate-reducing communities 366
In the present study, dsrA clone libraries consisting of 220 sequences were constructed 368 from the interfaces of five different brine pools in the Red Sea ( Table 1 ). The dsrA gene 369 sequences were clustered into 27 OTUs with a 6 % distance cutoff (Table S2 ). This is the first 370 Desulfatiglans, Desulfosalsimonas, Desulfobacterium, and Desulfobacula (Fig. 4) . In contrast, in 378 the warmer brines of Atlantis II and Discovery Deep, most of the OTUs formed distinct 379 phylogenetic lineages clustering together with environmental sequences (Fig. 4) . This result 380 indicated a different composition of sulfate-reducing communities for each geochemically 381 distinct brine pool. In addition, the diversity of sulfate-reducing communities based on dsrAgenes is in good agreement with the presence of sequences related to the members of 383
Desulfobacteraceae and Desulfohalobiaceae in the 16S rRNA gene data (Fig. 2) . The OTUs in Clade BSI IV were widely distributed in the Red Sea brine pools (Fig. 4 , 403 (salinity 18%) and formed a cluster with a clone from the brine of L'Atalante Deep (salinity 409 27%), which exceeds the maximum salt limit predicted for complete oxidizers (approximately 410 13%) [67] . 411
In Clade BSI V (Fig. 4) , dsrA gene sequences from Erba and Nereus Deep were distantly 412 related to Thermodesulfatator atlanticus, a chemolithoautotrophic SRB species within the family 413
Thermodesulfobacteriaceae that was isolated from a hydrothermal vent [68] . Some of the OTUs 414 in the hot brines Atlantis II and Discovery Deep formed three deeply branching evolutionary 415 lineages (Clade BSI VI) that were different from any isolated sulfate-reducing bacteria (Fig. 4) . 416
As there are no cultivated representatives, the metabolism and physiology of this clade remains 417 obscure. However, phylogenetic analysis indicates that they are related to organisms retrieved 418 from similar environments in the Mediterranean Sea [14] , implying that these phylotypes are 419 specifically adapted to the DHABs. Considering the high abundance of deeply branching 420 sequences in the Clade BSI VI (Fig. 4) , we assume that the interfaces of the Atlantis II and 421 Discovery Deep harbor specific sulfate-reducing communities that are quite different to known 422
SRB. 423
In conclusion, the bacterial communities were very diverse and, based on 16S rRNA gene 424 copy numbers, dominated over archaea in the majority of our samples. In the multi-layered 425 Atlantis II Deep, archaeal and bacterial communities were stratified. Marine Group I 426
Thaumarchaeota, MBGE and Candidate division MSBL1 Thermoplasmata, halophilic 427 methanogens, and members of class Deltaproteobacteria were the most common microbial 428 groups associated with the chemoclines of the Red Sea brine pools. Methanogens were restricted 429 to a few taxa in all studied locations, reiterating the harshness of these habitats. The sulfate-430 reducing communities were collectively diverse based on dsrA gene sequences, with the 431 majority of the OTUs in Erba, Kebrit, and Nereus Deep being affiliated with genus 432
Desulfatiglans. Additionally, the high-temperature Atlantis II and Discovery Deep harbor deeply 433 branched lineage of dsrA gene sequences, which suggest that novel lineages of SRB reside in 434 these environments. In the broader sense, these findings provide more insights on the ubiquity of 435 methanogenic archaea and sulfate-reducers in hypersaline habitats, and should increase the 436 impetus for future cultivation-attempts of the novel halophilic microorganisms. 437
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